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Abstract 
Optical gas sensing performance of nanoporous TiO2 films coated with catalytic Pd layer was investigated for low concentration 
H2 sensing. Nanoporous TiO2 films were obtained from anodization of DC sputtered titanium (Ti). The Ti films were deposited 
onto quartz and subsequently anodized at room temperature and annealed at 800°C. Highly homogeneous arrays of nanopores 
having diameters in the range of 15-25nm were observed. It was found that the Pd/TiO2 nanoporous films show remarkable 
optical absorbance response towards H2 as low as 0.06%. The optimum operating temperature of the nanoporous films for H2 
sensing was found to be very low (60°C).      
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1. Introduction 
Self-organized nanoporous structures are of great importance in the fabrication of many optical and 
electronic devices including optical, conductometric, and electrochemical sensors. It is due to the fact that 
nanoporous structures have high surface to volume ratios to enhance surface interactions with target analytes. 
Several research groups have developed different methods to fabricate nanoporous/nanotubular TiO2 by the 
anodization of titanium films. Zwilling et al. [1] first demonstrated the possibility of forming self-organized 
nanostructured surfaces of TiO2 by anodic oxidation of a Ti foil. Yu et al. [2] and Abu et al. [3] succeeded in 
fabricating transparent nanotubular TiO2 films on different substrates. However, there are only few reports for the 
applications of those nanoporous TiO2 films for optical gas sensing. The fact that optical signal is immune to 
electromagnetic interference, non-inductive with lower attenuation when compared to the electrical signal, make it 
suitable to be used in gas sensing applications. It has been reported that TiO2 when combined with catalytic metals 
(Pd, Pt or Au) changes its optical properties when interact with gasses such as H2. Manera et al. [4] deposited TiO2 
and TiO2/Au nanocomposite films and investigated its optical response towards different types of alcohol vapours. 
Maciak et al. [5] fabricated Pd/TiO2 fiber optic H2 sensor which responded to H2 at concentrations >1%. In this 
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 work, we developed nanoporous TiO2 optical sensor for low concentration H2 (0.06%) operating at temperatures as 
low as 60°C. 
2. Experimental 
The films were sputtered from a pure 99.99% Ti target onto quartz substrates in the presence of argon (Ar) 
gas, at 600°C and a pressure of 10-2 Torr with a DC power of 100W.  This particular deposition temperature was 
chosen as it produced distinct crystalographic orientation which resulted in the formation of pores. The DC sputtered 
films deposited at lower temperatures produce distinctly different crystalographic orientation which forms nanotubes 
after anodization [6]. Anodization of Ti films was performed using a neutral ethylene glycol electrolyte containing 
0.5% (wt) NH4F at 5V for 1 hour. After anodization, the films were annealed at 800°C for 8 hours in a furnace with 
a ramp up rate of 2°C/min in normal air. For comparison, a non anodized film was also annealed at the same 
conditions. The 25Å thick Pd layer was deposited onto the annealed nanoporous TiO2 samples by e-beam 
evaporation. The working pressure and the beam power were set at 10-7 Torr and 22W, respectively. The deposition 
time was fixed to 50s to give approximate thickness of 25Å. 
The morphology of the films was examined using a FEI Nova NanoSEM. XRD patterns of the films were 
collected at room temperature using a Bruker D8 ADVANCE X-ray diffractometer, fitted with a graphite-
monochromated copper tube source (Cu-Kα radiation, λ = 1.5406Å), and a scintillation counter detector fitted with a 
1mm receiving slit. The absorbance spectra of the anodized nanoporous TiO2 films on quartz was examined using a 
spectrophotometric system consisting of a Micropack DH-2000 UV-VIS-NIR light source and  an Oceanoptics 
HR4000 spectrophotometer connected to a PC computer via a USB cable. The analysis was performed using 
Spectrasuite 2007 edition software. This setup was attached to a gas calibration system with a computer controlled 
mass flow controllers regulating flow at 200 sccm into a customized optical gas chamber fitted with a localized 
heater.   
3. Results and discussion 
Figure 1 shows SEM images of (a) a DC sputtered Ti film (b) a non anodized TiO2 film annealed at 800°C 
for 8 hrs (c) an anodized TiO2 nanoporous film produced using a neutral electrolyte and (d) an anodized TiO2 
nanoporous film annealed at 800°C for 8 hrs.  
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Figure 1: SEM images of (a) a DC sputtered Ti film; (b) a non anodized TiO2 film annealed at 800°C for 8 hrs; (c) an anodized 
TiO2 nanoporous film produced using a neutral electrolyte and (d) an anodized TiO2 nanoporous film annealed at 800°C for 8 hrs. 
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As can be seen in Fig. 1 (a), initially the Ti film consists of randomly distributed hexagonal grains of 200-
500nm sizes. Then, the films were annealed at 800°C for 8 hours for full conversion to TiO2 and improved its 
transparency as in Fig. 1 (b). The surface structures of the annealed and non anodized film are dense and nonporous 
with smaller grains (80-200nm) than the DC sputtered Ti film.   After anodization of the DC sputtered Ti film, the 
granular morphology of the film was retained but a regular array of pores having diameters in the range of 15-25nm 
emerged on the surface as shown in Fig. 1 (c). As can be seen in Fig. 1 (d), the anodized and annealed TiO2 
structures crumbled and broke into highly nanoporous TiO2 films with nanograins of 20-100nm sizes. 
 
 
 
 
 
 
 
 
 
 
In order to understand the morphology of the films and their potential for gas sensing applications, films 
were studied using XRD (Fig. 2) and UV-Vis spectrometry (Fig. 3). The XRD results show that the anodized and 
annealed film has a distinct rutile phase (ICCD No. [21-1276]). However, the non anodized and annealed TiO2 film 
is obviously anatase (ICDD No. [21-1272]). Also, whilst the former shows no particular orientation, the latter has 
strong preferred orientation for the [110] plane of anatase at 27.5°. The UV-Vis-NIR absorbance spectra show the 
anodized and annealed films have lower absorbance spectrum compared to the non anodized and annealed films 
which indicate the anodized nanoporous TiO2 has higher transparency than the non anodized TiO2. This also 
indicated that the presence of nanopores widens the distance between the energy bands. 
Figure 4 shows the absorbance spectrum of the Pd/TiO2 anodized and annealed films when exposed to 
synthetic air and 1% H2 in synthetic air at 60°C. It was found out that the absorbance of the films is increased upon 
H2 exposure. The magnitude of the absorbance response is notably increased for the optical wavelengths from 
visible to near infra red (NIR) range.  
Figure 5 shows the dynamic optical gas sensing performance of Pd/TiO2 anodized and annealed films 
towards H2 at 60°C (a) for the wavelength range of 500–950nm and (b) at single wavelength 590nm. It was 
observed that the nanoporous anodized films show remarkable absorbance response when exposed to H2.  
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Figure 2: XRD spectra of the anodized and non 
anodized Ti thin films annealed at 800°C. 
Figure 3: The UV-Vis absorbance spectra of the anodized 
and non anodized Ti films annealed at 800°C. 
Figure 4: Absorbance spectrum of the Pd/TiO2 anodized and annealed films when exposed to synthetic air and 1% H2 in 
synthetic air at 60°C. 
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A measurement approach by integrating the absorbance response over a range of Vis-NIR wavelengths was 
taken to sense the low concentrations of H2 in real time. The cumulative absorbance parameter refers to the 
integrated absorbance over a range of wavelength between 500-950nm. As shown in Fig. 5 (a), the cumulative 
absorbance in 500-950nm wavelength range was increased by approximately 2% towards 0.06% H2 in synthetic air. 
The T90% response and recovery of the films for 0.06% H2 concentration in synthetic air are 120s and 180s, 
respectively. In general, the response measured for the range of wavelength 500-950nm is consistent with the 
response at the single wavelength 590nm, as shown in Fig. 5 (b). However, the absorbance response of the film at 
590nm wavelength is much smaller and suffering from some baseline drift particularly for 1% H2 concentration. The 
non anodized films did not show any significant optical response towards H2 at 60°C. The developed Pd/TiO2 
nanoporous films were highly sensitive, providing stable and repeatable responses towards low concentrations of H2 
at very low operating temperature.  
4. Conclusions 
H2 sensitive Pd/TiO2 nanoporous films were successfully fabricated after anodization of DC sputtered Ti on 
quartz and subsequently annealed at 800°C for 8 hours. The developed films were tested towards low concentrations 
of H2 via optical absorption spectroscopy at low temperatures. Pd/TiO2 nanoporous films show promising 
gasochromic characteristics, which may be utilised for optical H2 gas sensing. Overall, the response of the thin films 
towards H2 was sensitive, fast and stable. Combining such films with optical components such as fibers, LEDs, 
lasers and photodiodes, offers great potentials for low cost and stable optical H2 gas sensing. 
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Figure 5: Dynamic response of the Pd/TiO2 nanoporous films annealed at 800°C exposed to different concentrations of H2 
at 60°C (a) for the wavelength range of 500–950nm and (b) at single wavelength 590nm. 
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